Introduction {#sec1}
============

Many proteomics experiments are performed on the peptide level (namely, bottom-up proteomics). For this purpose, the proteome is enzymatically digested, and the peptide and peptide fragment masses are measured by tandem mass spectrometry after online separation by reverse-phase liquid chromatography (LC--MS/MS). For the analysis of LC--MS/MS data, peptides are statistically scored by search engines such as Mascot,^[@ref1]^ SEQUEST,^[@ref2]^ OMSSA,^[@ref3]^ MaxQuant,^[@ref4]^ X!Tandem,^[@ref5]^ MS-GF+,^[@ref6]^ MS Amanda,^[@ref7]^ MyriMatch,^[@ref8]^ or COMET.^[@ref9]^ The detected peptides are subsequently used to infer source proteins.^[@ref10]^ All of these tools compare input peptide MS/MS spectra to theoretical spectra generated by the in silico digest of protein databases. The peptides can, dependent on the settings of the search engine, contain missed cleavage sites and variable or fixed amino acid modifications. All of the in silico generated spectra constitute the so-called search space (i.e., spectra of all peptides and variants thereof that are considered a potential match to the input spectrum).^[@ref11]^ The search engine settings and database used are crucial for the quality of the results obtained because discrepancies between biological sample content and peptides present in the search space can lead to several undesirable effects. For the statistical evaluation of the results, in most cases, false discovery rates (FDR) are calculated. FDR is defined as the ratio of false positives to the total number of assignments (false positives + true positives) and is often estimated with the help of decoy databases (i.e., randomized or reversed databases).^[@ref12]^

Usually, most of the proteins not contained in the target database are sample contaminants from different species, either introduced by accident or as a reagent during sample preparation. The former can be reduced by careful sample handling, and among the best known examples is human keratin. The latter type of common contaminants in proteomics experiments includes proteases, which are added to the sample to digest proteins to the more readily analyzed peptides.

The most widely used protease is trypsin due to its specificity, efficiency, availability, and relatively low cost. Trypsin cleaves the amino acid sequences' C-terminal to lysine and arginine residues (with the exception of the occurrence of N-terminal proline) and gives rise to peptides of suitable length and charge for LC--MS/MS analysis.^[@ref13]^ However, trypsin is also subject to autolysis because it contains 11 lysine and 4 arginine residues.^[@ref14]^ Because trypsin is used in high quantities to promote efficient digestion (trypsin to sample protein ratio: 1:20--1:100), trypsin-derived peptides are highly abundant and result in high-quality spectra during MS/MS. In the case where the trypsin sequence is not present in the database, these spectra might be incorrectly assigned to peptides of other proteins. It is therefore widely accepted in the community to concatenate a contaminant list that includes trypsin with sample specific databases for the reasons given above. The groups of Ron Beavis (<http://www.thegpm.org/cRAP/>) and Matthias Mann (<http://www.maxquant.org/downloads.htm>) make their list of contaminants publicly available. Although the database should cover all possible components of a sample, care should be taken not to choose a too-large database (e.g., the entire UniProt TrEMBL database) because large databases not only increase the search time but also, more importantly, increase the number of random peptide hits.^[@ref15]^

For the prevention of the autolysis of trypsin and the associated loss of activity,^[@ref16]^ the protease is often modified by acetylation (New England Biolabs) or reductive methylation (Promega, Sigma-Aldrich) of lysines, the latter being the most common approach. Both modifications yield a trypsin that is more resistant to autolysis while retaining its catalytic function.^[@ref17]^

Here, we show that the most widely employed trypsin preparations are chemically modified and that including native trypsin in the contaminant database is not sufficient to prevent false-positive identifications of trypsin-derived spectra. Instead, it is necessary to add modified trypsin to the list of contaminants. We present a new database search strategy with a minimal increase in search space and the concomitant loss of statistical significance. Finally, this approach can be easily implemented into existing workflows for many widely used search engines.

Experimental Section {#sec2}
====================

Databases {#sec2.1}
---------

Swiss-Prot_Yeast database was downloaded on June 10, 2015. Swiss-Prot_Human database was downloaded on August 11, 2015. The list of common Repository of Adventitious Proteins (cRAP) was downloaded from <ftp://ftp.thegpm.org/fasta/cRAP> (Version: January 30, 2015). The protein identifiers were then uploaded to UniProt Retrieve/ID mapping tool to generate a FASTA file in UniProtKB format (February 2, 2015).

Databases for Separate Decoy Searches {#sec2.2}
-------------------------------------

Databases from search strategies A--E were reversed using the CompOmics dbToolkit 4.2.3.^[@ref18]^

### Search Strategy A {#sec2.2.1}

Swiss-Prot_Human or Swiss-Prot_Yeast was used as the database; carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine and protein N-terminal acetylation were set as variable modifications.

### Search Strategy B {#sec2.2.2}

Swiss-Prot_Human or Swiss-Prot_Yeast with concatenated cRAP was used as the database. Carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine and protein N-terminal acetylation were set as variable modifications.

### Search Strategy C {#sec2.2.3}

Swiss-Prot_Human or Swiss-Prot_Yeast with concatenated cRAP was used as the database. Carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine and protein N-terminal acetylation were set as variable modifications. For data set 2, acetylation of lysine was allowed as an additional variable modification; for all other data sets, dimethylation of lysine was allowed as an additional variable modification.

### Search Strategy D {#sec2.2.4}

Swiss-Prot_Human or Swiss-Prot_Yeast with concatenated cRAP was used as the database. Carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine and protein N-terminal acetylation were set as variable modifications. Monomethylation and dimethylation of lysine were allowed as an additional variable modification.

### Search Strategy E {#sec2.2.5}

Swiss-Prot_Human or Swiss-Prot_Yeast with concatenated cRAP was used as the database. Furthermore, modified trypsin was added to the database (where all lysines (K) were replaced by dimethylated lysines (J) to detect dimethylated lysines in trypsin). Carbamidomethylation of cysteines was set as a fixed modification. Oxidation of methionine, protein N-terminal acetylation, loss of one methylation of dimethylated lysines (J) (to detect monomethylated lysines in trypsin), and loss of dimethylation of dimethylated lysines (J) (to detect unmethylated lysines in trypsin) were set as variable modifications.

Data Sets {#sec2.3}
---------

Data set 1: *Saccharomyces cerevisiae*; PXD002726

Data set 2: Phosphorylation sites of Numb (human cell line) with mouse recombinant protein Numb; PXD000997^[@ref19]^

Data set 3: Human Breast Cancer Study; PXD000246^[@ref20]^

Data set 4: Identified spectra from 209 public human data sets from the PRIDE repository (see [Supporting Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf))

Data set 5: Human Brain 6--11 reference map; PRD000151^[@ref21]^

Data Analysis {#sec2.4}
-------------

Database search was performed using Mascot Ver. 2.4.1 or MS Amanda Standalone_Windows_1.0.0.3948 customized to contain dimethylated lysine J = 156.125710 (kindly provided by Viktoria Dorfer). Data were searched against human and *S. cerevisiae* Swiss-Prot database as specified in the database section. For FDR estimation, a target--decoy database search was used. Peptides were matched using trypsin as a digestion enzyme. Peptides' mass tolerance was set to 10 ppm (or 100 ppm for data set 5) and fragment mass tolerance to 0.8 Da. A maximum of two missed cleavages was allowed. Carbamidomethylation of cysteine was set as a fixed modification, and oxidation of methionine was set as a variable modification. To detect peptides containing peptide c-terminal artificial amino acid J, we changed the cleavage specificity for trypsin to J, K, and R, not after P. Furthermore, to detect mixed (i.e., peptides including methylated and unmodified lysine) and monomethylated peptides, we added the loss of monomethylation (14.0153759 Da) and loss of dimethylation (28.0307517 Da) of the artificial amino acid (J) as variable modifications.

Data set 4 was searched using X!Tandem^[@ref5]^ (version: "Piledriver" (2015.04.01.1)). Because X!Tandem restricts the amino acids that may be redefined, "O" was used to represent dimethylated lysine. The mass of O was set to 156.12571 using the "protein, modified residue mass file" option. Carbamidomethylation of cysteine was set as a fixed modification, and oxidation of methionine, N-terminal acetylation and a loss of 28.0307517 Da on 'O' representing loss of dimethylation and a loss of 14.0153759 Da on 'O' representing monomethylated lysines were set as variable modifications. Parent-mass error was set to 2 Da, and fragment mass error was set to 0.4 Da. A total of two missed cleavages were allowed, the specificity of trypsin was adapted as described before, and refinement mode was disabled. All results were filtered to reach an FDR of 1%.

Statistical Analysis {#sec2.5}
--------------------

Statistical analysis was done in R using the Kruskal--Wallis test and Dunn posthoc test if not stated otherwise.

Calculation of FDR for Histograms {#sec2.6}
---------------------------------

FDR for separate target--decoy searches (data set 3) was calculated for Mascot ion scores as FDR being equal to the number of decoy hits divided by the number of target hits, with score increments of 0.01 until FDR was smaller than 1%.

![Log(2) score distribution for separate decoy and target database searches of data set 3 using different search strategies. Left panel: decoy database searches; right panel: target database searches. A: Search strategy A, Swiss-Prot_Human; B: search strategy B, Swiss-Prot_Human plus list of common contaminants; C: search strategy C, Swiss-Prot_Human plus common contaminants and additional variable modification dimethyl (K); D: search strategy D, Swiss-Prot_Human plus common contaminants and additional variable modifications methyl (K) and dimethyl (K). E: search strategy E, Swiss-Prot_Human plus common contaminants and methylated lysines of trypsin considered as artificial amino acids. Marked in black are peptides that pass the FDR 1% cutoff (Mascot ion score of 20.50 for searches A, B, and E, 20.94 for search C, and 22.21 for search D). \*\*\* indicates *p*-value of \<10^--9^, Kruskal--Wallis test; \# psm indicates number of peptide spectrum matches.](pr-2015-01105t_0003){#fig2}

Experimental Details: Data Set 1 {#sec2.7}
--------------------------------

Proteins from *S. cerevisiae* lysates were separated with SDS-PAGE. Proteins were stained using Coomassie Brilliant Blue. Gel bands were cut out and destained using 50% acetonitrile in 100 mM ammonium bicarbonate. After dehydration with 100% acetonitrile, gel pieces were dried and then reduced with 10 mM dithiothreitol for 30 min at 56 °C and subsequently alkylated with 55 mM iodoacetamide for 20 min at 37 °C in the dark. Gel pieces were dehydrated and dried again and then incubated with 0.19 μg of sequencing-grade modified trypsin (Promega, V5111) overnight. Peptides were extracted in four sequential steps: 15 μL of 25 mM ammonium bicarbonate, 150 μL of acetonitrile, 40 μL of 5% formic acid, and 150 μL of acetonitrile. Supernatants were combined and dried under vacuum. The dried peptide extracts were resuspended in 5% acetonitrile and 0.1% trifluoroacetic acid, and peptides were separated on an Acclaim PepMap RSLC C18, 2 μm, 100 Å, 75 μm i.d. × 50 cm column employing a Dionex Ultimate 3000 RSLC coupled to a LTQ-Orbitrap Velos (Thermo Fisher Scientific). The LC method consisted of a 70 min gradient. Data-dependent Top 10 CID MS and MS/MS data were acquired in the Orbitrap analyzer at a resolution of 60 000 and in the ion trap employing normal scan rate settings, respectively. The software version of XCalibur (Thermo Fisher Scientific) was 3.0. The mass spectrometry proteomics data was deposited to the ProteomeXchange Consortium^[@ref22]^ (<http://proteomecentral.proteomexchange.org>) via the PRIDE partner repository with the data set identifier PXD002726 and 10.6019/PXD002726.

Results {#sec3}
=======

Incompleteness of Protease Modification and Inhibition of Autoproteolytic Activity {#sec3.1}
----------------------------------------------------------------------------------

Despite the above-mentioned chemical modifications, peptides originating from trypsin are among the most commonly high-scoring identified peptides in bottom up searches. This can be seen when looking at the PRIDE Cluster resource,^[@ref23]^ where many of the largest clusters containing several thousand spectra represent peptides from trypsin (e.g., "LGEHNIDVLEGNEQFINAAK" identified 21722 times). These unmodified peptides are the fraction of peptides that were not modified during reductive dimethylation, which could be due to the native state of trypsin during the modification. Assuming that the majority of accessible lysines are methylated but still many cleavage events occur, it is reasonable to expect peptides containing methylated lysines upstream of the unmodified lysine at the cleavage site.

We therefore reanalyzed several of our own data sets as well as publicly deposited data sets to assess the presence of methylated peptides and the impact of different search strategies. Search strategies and data sets are described in detail in the [Experimental section](#sec2){ref-type="other"}. The first data set we examined was a set of in gel digests from *S. cerevisiae* prepared in our laboratory (data set 1, PXD002726), which was analyzed with different search strategies ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Initially, we searched only against the Swiss-Prot_Yeast database without accounting for potential contaminants (search strategy A). Second, we included the list of common contaminants (search strategy B). And third, to find dimethylated trypsin, we allowed dimethylation of lysine as a variable modification (search strategy C). Search C identified porcine trypsin with a higher score than search B because more peptides could be identified. We also identified numerous peptides with dimethylated lysines at their C-termini, challenging the assumption of complete inhibition of tryptic activity at the C-terminal of dimethylated lysines ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Moreover, we performed a search with the additional variable modification monomethylation of lysine (search strategy D) to check for incomplete conversion during chemical stabilization. Indeed, peptides harboring monomethylated lysines were identified, being a fraction of roughly 30% of total methylated lysines ([Supporting Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)). When analyzing a trypsin self-digest, we could identify the same peptides, confirming our assumption that the methylated peptides indeed originated from trypsin ([Supporting Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)). Using a similar approach, we also found acetylated peptides from trypsin in a human epithelial cell data set^[@ref19]^ (data set 2, PXD000997) ([Supporting Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)).

###### Protein Top Identifications' Dependence on Database and Search Settings[a](#t1fn1){ref-type="table-fn"}

      search strategy                                                                             
  --- ----------------- ------ -------------- ---------- -------------- ---------- -------------- ----------
  1   HSP72_YEAST       6551   K2C1_HUMAN     7212       **TRYP_PIG**   **6794**   **TRYP_PIG**   **7377**
  2   HSP77_YEAST       2283   HSP72_YEAST    6460       K2C1_HUMAN     6736       K2C1_HUMAN     6789
  3   HS104_YEAST       1731   **TRYP_PIG**   **5878**   HSP72_YEAST    5909       HSP72_YEAST    5830
  4   TRP_YEAST         1575   K1C10_HUMAN    3779       K1C10_HUMAN    3473       K1C10_HUMAN    3443
  5   HSP76_YEAST       1439   HSP77_YEAST    2261       HSP77_YEAST    2032       HSP77_YEAST    2000
  6   VATA_YEAST        1049   HS104_YEAST    1709       HS104_YEAST    1498       HS104_YEAST    1466

The yeast data set (data set 1) was searched against Swiss-Prot_Yeast (search strategy A) or Swiss-Prot_Yeast plus common Repository of Adventitious Proteins (search strategy B) to identify yeast and known contaminant proteins from our laboratory. Carbamidomethyl (C) as a fixed modification and oxidation (M) as a variable modification were set for all searches. Dimethylation (K) was set as a variable modification in the search strategy C, and both monomethylation (K) and dimethylation (K) were set as variable modifications in search strategy D. Shown are the highest scoring proteins for each search strategy. FDR was set to 1%. Methylated peptides of trypsin (highlighted in bold) can indeed be found in samples digested with modified trypsin when the appropriate search settings are used (searches C and D; see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Supporting Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)), making it the top-scoring protein hit in this in-gel digest.

![Methylated lysine residues identified on autolysis peptides of reductively methylated porcine trypsin. Blue: sequence coverage of peptides identified in data set 1 by search C. Peptides are listed in [Supporting Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf). Figures were rendered with PyMOL 0.99rc6 based on PDB entry 1EP. Gray: not identified peptides. Other colors: methylated lysine.](pr-2015-01105t_0002){#fig1}

New Search Strategy Employing Artificial Amino Acids {#sec3.2}
----------------------------------------------------

In searches C and D (by allowing variable modifications of lysine), we identified both methylated lysines and unmodified lysines in trypsin-derived peptides. Although the strategy led to an increased score of porcine trypsin ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), this approach has a severe drawback. Every addition of a global variable modification increases the search space dramatically. This combinatorial expansion of search space has various unwanted effects. The most severe is the impact on result statistics because more random matches will occur when all possible permutations are tested. Enlargement of the database leads to a rise of false-positive hits, increasing both the number of false positives but also false negatives when applying the same FDR threshold.^[@ref15]^ However, ignoring the modified peptides can have the detrimental effect of leading to the identification of false positives.

To circumvent this, we devised a method that considers the chemically modified tryptic autolysis peptides without unnecessarily inflating search space. We envisaged introducing dimethylated lysine as an artificial amino acid into the database to be able to limit its occurrence to the actually modified protein in the database. Mascot allows the easy introduction of artificial amino acids via the unimod.xml file and the two capital letters J and O for user-defined amino acids. We therefore introduced the artificial amino acid J, having a total monoisotopic mass of 156.125710 Da (J = K + dimethyl (+ C~2~H~4~, + 28.0313)). For a copy of the porcine trypsin entry, we then replaced all lysines (K) with dimethylated lysines (J) (fictional accession number 012345, TRY_ART) and added it to the database including the contaminants. In addition, the cleavage specificity of trypsin was set to the C-terminal of K, R, and J (except when followed by P). Using the database including artificial trypsin and the search settings explained above, we successfully identified peptides of trypsin containing dimethylated and unmodified lysines in data set 1. To identify mixed peptides, including both dimethylated and unmodified lysines within one peptide, we chose a rather counterintuitive approach: we included the loss of dimethylation of dimethylated lysines as a variable modification. This approach limits the increase of search space to the smallest degree necessary (i.e., only peptides that contain J are multiplied while still covering all possible combinations of dimethylated and unmethylated lysines). The same approach can also be used to identify monomethylated lysines by allowing the loss of one methyl group for J (because J minus methyl is equal to K plus methyl). In contrast to the addition of two global variable modifications, we could not observe any impact on search specificity with this strategy (search strategy E), as is detailed in the next section.

Detrimental Effects of Increased Search Space {#sec3.3}
---------------------------------------------

We next assessed the influence of the different search parameters on peptide spectrum matches (PSMs), peptide scores, and protein scores using five raw files from a human breast-cancer data set^[@ref20]^ (data set 3, PXD000246). The FDR was kept constant at 1% for all searches. Search strategy A identified a lower number of peptides because it was unable to assign spectra to contaminants. Search strategy B, representing the community standard to employ a contaminant database without considering modifications of trypsin, yielded a higher number of total PSMs as well as more PSMs after applying a 1% FDR cutoff. To visualize the impact of the increased search space in search strategies C and D, we depict histograms of Mascot ion scores of a representative raw file (Site1_Cell_line_ERneg_HER2neg_Pool1_1D_Rep1.raw) from data set 3 in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. It is clearly visible that both the decoy and the target populations contain more hits when employing search strategies C and D. Less obviously, the mean of the log(2) decoy scores is shifted to slightly higher values (1.47 (A, B, and E) versus 1.64 (C)). These effects are further amplified when adding another variable modification (search strategy D; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}; mean 1.95). Because of the bimodal distribution of the target populations even after log(2) transformations, the Kruskal--Wallis test was employed for statistical testing and showed highly significant changes (*p* \< 10^--9^) in both score distributions for search strategies C and D. Calculating the 1% FDR score threshold for the target--decoy pairs, search strategies A, B, and E required an ion score of 20.50 to pass the cutoff, while this threshold was increased to 20.94 in search strategy C and 22.21 in search strategy D. Although search strategies C and D lead to the highest number of total PSMs, the number of PSMs passing the 1% FDR threshold decreases significantly (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, [Supporting Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)). Naturally, this also reduces the average protein score (average protein scores were 262.0, 262.3, 256,6, 252,5 and 262.7 for searches A, B, C, D, and E, respectively, with only the scores from search C and D being significantly lower than the average scores from all other searches) ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)). In summary, the use of global variable modifications leads to more total PSMs but at the expense of specificity, as can be seen after applying 1% FDR.

The use of the artificial amino acid based search strategy E did not yield a statistically significant improvement over search strategy B in either total PSMs or PSMs after applying 1% FDR. However, individual spectra were incorrectly assigned to unrelated proteins by search strategy B rather than modified trypsin, as revealed by search strategy E. This is depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, showing which fractions of false positives of search strategy A can be explained by the common contaminant approach (i.e., search strategy B (23%) and the artificial amino acid search strategy E (additional 7%, total 30%)). To rule out search-engine-specific effects, we processed the same data set with a customized version of MS Amanda,^[@ref7]^ a scoring algorithm especially suited for data sets with high-resolution MS/MS spectra. Employing search strategy B, MS Amanda yielded the same misassignments as Mascot. However, with both search engines, search strategy E resulted in much higher probabilities for the dimethylated trypsin derived peptide to be the correct identification, as shown for one example spectrum in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

![Fractions of false positives explained by different search strategies (data set 3). Search strategy B reveals that 23% of all false positives from search strategy A are caused by common-contaminant-derived peptides (including unmodified trypsin). Search strategy E identifies an additional 7% in this data set (overall range 0--66% and mean 6.6% in all human PRIDE data sets ([Supporting Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf))), which are exclusively caused by methylated trypsin peptides.](pr-2015-01105t_0004){#fig3}

![Individual spectrum misassigned by two separate search engines despite including contaminants in the database (data set 3). \* indicates that the accession number for dimethylated trypsin can be set at discretion, avoiding occupied accession numbers.](pr-2015-01105t_0005){#fig4}

False-Positive Assignments Despite Considering Common Contaminants {#sec3.4}
------------------------------------------------------------------

Depicted in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} is an exemplary case, which may easily lead to identifications passing the 1% FDR threshold and subsequently increases the chance of wrong protein inference using search strategy B. We want to emphasize that search B was done using a database of appropriate size (Swiss-Prot_Human) and included common contaminants. This widely used approach results in statistically valid but still incorrect assignments, which were revealed to actually represent dimethylated trypsin derived peptides with a very high probability, employing search strategy E. To assess the prevalence of these incorrectly assigned spectra, we reprocessed the identified spectra from 209 public human data sets (data set 4) stored in the PRIDE database^[@ref24]^ (see [Supporting Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)). The extracted identified spectra were identified using X!Tandem and the new artificial amino acid based search strategy (search strategy E). We were able to identify methylated trypsin peptides in 38 out of these 209 experiments. For the 171 experiments in which we could not identify methylated trypsin, it is unclear whether unmodified trypsin was used. It has to be noted that most publications only specify the trypsin vendor, and most vendors offer different types of trypsin preparations.

The number of spectra identified as dimethylated trypsin peptides ranged from 1 to 600 per project (see [Supporting Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)). We want to point out that these spectra constitute a substantial amount of all false-positive peptides in community gold standard search strategy B. At an FDR of 1%, the spectra reassigned by search strategy E to methylated peptides originating from trypsin correspond to up to 66% of all false positive hits (mean of projects containing methylated trypsin 6.6%). The distribution of unmodified to monomethylated to dimethylated trypsin derived peptides was on average 25:35:40%. It is also important to highlight that we only reanalyzed the submitted, identified spectra because only these may have led to incorrect identifications. Because of the way data is submitted to PRIDE, it is often not possible to know whether all identifications were submitted or only the ones passing the FDR threshold applied by the authors. Nevertheless, methylated trypsin peptides passing 1% FDR of the cluster search do occur in a considerable number of public data sets and thus lead to incorrect identifications. In total, 3960 modified trypsin peptides were identified from wrongly assigned spectra (listed in [Table S4](#notes-1){ref-type="notes"}).

Pseudoisobaric Amino Acids Arginine and Dimethyl Lysine {#sec3.5}
-------------------------------------------------------

One interesting example was found in data set 5 from human brain tissue^[@ref21]^ (PRD000151). When we first reanalyzed this sample set with search strategy B, we were unable to reproduce the original assignment of a spectrum to human trypsin isoform 2. Comparing the search settings, we found that the original publication used a higher parent-mass tolerance, namely 100 ppm for Orbitrap data. With the same parent-mass tolerance, we were also able to identify the peptide from human trypsin isoform 2, with a δ parent mass of approximately 25 mmu. Search E yielded a peptide from dimethylated porcine trypsin and from human trypsin isoform 2 with almost identical scores for both Mascot and MS Amanda searches (see [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Comparing the sequences of the two peptides, we found that the human isoform contains an arginine instead of the lysine at the same position in the porcine trypsin. Interestingly, arginine and dimethylated lysine have a mass difference of 24.6 mmu, almost perfectly fitting the mass difference of expected to measured mass for the human isoform 2 peptide. Because of the expected instrument accuracy and the biological origin of the sample (brain), we are inclined to propose the dimethylated peptide (with mass difference 1 ppm) as the correct match. A precursor mass δ of 25 mmu as for the initial match might exclude a peptide from the list of potential candidates in search strategies in which stringent precursor mass filtering is applied before peptide matching. However, when using wide parent-mass windows for the initial search, as suggested recently by Bonzon-Kulichenko et al. for database-dependent scoring functions (e.g., Mascot expect value),^[@ref25]^ other matches can actually outscore and outrank the correct match (as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). It therefore has to be ensured to include all potential matches irrespective of score and rank until applying post-filtering according to precursor mass when using this approach.

![Peptide originating from dimethylated trypsin assigned to human trypsin isoform 2 (data set 5). Even though the score for dimethylated trypsin is lower in the Mascot search, the mass difference and the biological origin of the sample implicate that the dimethylated trypsin is the correct assignment. Analysis with MS Amanda showed identical scores and probabilities for both dimethylated porcine trypsin and human trypsin isoform 2.](pr-2015-01105t_0006){#fig5}

Discussion {#sec4}
==========

Methylation of trypsin is employed to protect against autolysis and concomitant enzymatic activity loss.^[@ref17]^ As expected, our results show that the enzyme is not completely modified because the modification of the natively folded protease can only take place at lysine residues accessible to the reagent. More interestingly, we also show that methylation does not completely protect against autolysis. In many of the analyzed samples, we identified peptides of trypsin that were actually methylated directly at the cleavage site.

The use of appropriate databases in proteomics is crucial for identifying correct peptides and avoiding false-positive peptide hits that might result in inferring wrong proteins.^[@ref26]^ Even if common contaminants are included in the database, methylated trypsin derived peptides are not considered in the search space, and the presence of these modified peptides leads to false-positive peptide identifications. Unfortunately, the most intuitive solution, to consider methylated lysines in the search (i.e., adding variable modifications), has been reported to result in reduced specificity of a search.^[@ref27]^ While this approach is able to efficiently reduce the number of unassigned spectra, it also increases the peptide score threshold at a constant FDR because of the considerably larger search space, as demonstrated in this study. Peptides filtered out due to the now more stringent score cutoff also cannot add to protein scores, which results in a lower average protein score ([Supporting Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)).

The same effect can be observed whenever considering variable modifications, which might occur naturally or during sample preparation (e.g., phosphorylations, carbamidomethylation artifacts, and nontryptic cleavages). Therefore, one has to carefully balance the beneficial effect of additionally assigned spectra to the detrimental effects of increased search space on a sample specific basis. This is depicted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, where either two or three global variable modifications plus one variable protein N-terminal modification are used. Additional variable modifications lead to a further combinatorial expansion of search space, reducing search specificity and resulting in a net loss of statistically valid peptide hits. The same is true to an even bigger extent when allowing for semi- or nonspecific enzymatic cleavages ([Supporting Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf)).

Thus, we suggest including the modification of the employed digestion enzymes into the contaminant database as an artificial amino acid. This approach does not have significant drawbacks regarding the search space, as demonstrated in this study, and can be used alongside other sample-specific search parameters without a loss of search specificity. Several search engines such as Mascot, X!Tandem, and COMET (see [Box [1](#box1){ref-type="boxed-text"}](#box1){ref-type="boxed-text"}) allow for the easy introduction of non-natural amino acid, but for some, all amino acid letters and masses are hard-coded. Examples for the latter are the (discontinued) OMSSA engine, Andromeda (MaxQuant), Sequest, and MS Amanda. Sequest, for example, does in our hands not accept additional amino acids defined in the unimod.xml, and MaxQuant in its current version has no option to add non-natural amino acids. In our opinion, it would be useful to either include a special letter for the omnipresent case of dimethylated lysine from trypsin in each search engine or to make the amino acid code customizable by the user. Adaption of the employed contaminant databases to include an additional trypsin copy in which lysines are replaced by the letter of choice is usually trivial. However, care has to be taken that the letter is not used as an ambiguity symbol or for special amino acids in the employed database (e.g., J is used for I/L in NCBInr). In general, it might be worth considering increasing the namespace for amino acids to be more flexible when searching for nonstandard amino acids. At the moment, one is usually limited to the 26 letters of the Latin alphabet, 20 of them being already used for the major amino acids, with the employed search engines. In Mascot, four of the remaining six letters are hard-coded, which leaves only two letters for the users to add amino acids such as selenocysteine, pyrrolysine, or, in our case, dimethyl-lysine.

###### Adding Nonstandard Amino Acids to Selected Search Engines

Mascot: Nonstandard amino acids can be defined via the unimod.xml file; letters J and O are available for modification; <http://www.matrixscience.com/blog/non-standard-amino-acid-residues.html>

X!Tandem: The protein, modified residue mass file can be used to change masses associated with individual letters except the ambiguity letters B, J, X, Z, leaving letters O and U available to define nonstandard amino acids; <http://thegpm.org/TANDEM/api/pmrmf.html>

COMET: User amino acids can be added by using the static modifications parameter with available letters B, J, U, X, Z, (e.g., add_B\_user_amino_acid =156.125710); <http://comet-s.sourceforge.net/parameters/parameters_201501/>

An alternative approach could rely on the ability of more recent versions of search engines to provide the functionality to use multiple databases in one search. If the search engine would allow the setting of different variable modifications for the individual source databases, one could then include a database containing only trypsin and set mono- and dimethylation as variable modifications for just this one database, resulting in the same search space as with our artificial amino acid method. Another feasible approach would be to combine the in silico generated search space with measured spectral libraries from contaminants. Finally, the likely ideal solution would be to store known post-translational modifications directly in the sequence database file, as suggested for the HUPO PSI Extended Fasta Format (PEFF). This would not only remove false positives caused by a well-defined subset of peptides but also directly allow the assigning of all peptides with known post-translational modifications even without the use of variable modifications. Unfortunately, this file format is not yet supported by any of the search engines used in this study.

Conclusion {#sec5}
==========

Here, we show that the current state-of-the-art standard proteomic data analysis has severe drawbacks and suggest a new strategy that improves the accuracy of proteomics experiments. Autolysis-protected trypsin (a standard tool for proteomics) leads to false-positive peptide identifications. When reanalyzing all publically available human proteomic data sets (PRIDE database), we found hundreds of statistically significant wrong assignments in more than 18% of the data sets because of methylated peptides originating from trypsin, corresponding to up to 66% of all false positive hits. Furthermore, we present a simple yet efficient search strategy accounting for this problem that can be readily implemented in many widely used search engines. We have demonstrated that our adapted search strategy employing an artificial amino acid for modified trypsin yields more accurate results than the community gold standard employing contaminant databases solely. This is accomplished by limiting the inflation of search space to a minimum while efficiently avoiding false-positive peptide identifications.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jproteome.5b01105](http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b01105).Figures showing the impact of different search strategies on total PSM, statistically significant PSM after applying 1% FDR and resulting protein scores and fractions of false positives explained by different search strategies employing semitryptic digest. Tables showing peptides originating from methylated porcine trypsin in a *S. cerevisiae* digest, peptides originating from a Promega modified trypsin self-digest, and peptides originating from acetylated trypsin in data set 2. ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_001.pdf))A table showing a summary of PRIDE cluster search results. ([XLS](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b01105/suppl_file/pr5b01105_si_002.xls))
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